We explore the discovery prospect of the doubly-charged component of an SU (2) L -triplet scalar at the future e − p collider FCC-eh, proposed to operate with an electron beam energy of 60 GeV and a proton beam energy of 50 TeV. We consider the associated production of the doubly-charged Higgs boson along with leptons and jet(s), and its subsequent prompt decay to same-sign lepton pair. This occurs for O(1) Yukawa coupling of the scalar triplet with charged leptons, which is expected for reasonably small vacuum expectation values of the neutral component of the triplet field that governs the neutrino mass generation in the type-II seesaw. We present our analysis for two different final states, 3l+ ≥ 1j and an inclusive ≥ 2l+ ≥ 1j channel. Considering its decay to electrons only, we find that the doubly-charged Higgs with mass around a TeV could be observed at 3σ confidence level with O(200) fb −1 of integrated luminosity, while masses up to 2 TeV could be probed within a few years of data accumulation. The signal proposed here becomes essentially background-free, if it is triggered in the µµ mode and a 5σ discovery is achievable in this channel for a TeV-scale doubly-charged Higgs with an integrated luminosity as low as O(50) fb −1 . We also highlight the sensitivity of FCC-eh to the Yukawa coupling responsible for production of the doubly-charged Higgs boson as a function of its mass in both the ee and µµ channels.
I. INTRODUCTION
The observations of flavor-changing neutrinos in neutrino oscillation experiments have conclusively established that neutrinos have nonzero masses and mixing. Specifically, the solar and atmospheric mass square differences are measured to be ∆m 2 12 ∼ 7.6 × 10 −5 eV 2 , and |∆m 2 13 | ∼ 2.5 × 10 −3 eV 2 , and the mixing angles are θ 12 ∼ 33 • , θ 23 ∼ 42 • , and θ 13 ∼ 8 • [1] . These experimental observations can not be explained within the framework of the Standard Model (SM), and hence, some beyond the Standard Model (BSM) extension is required. So far, a number of BSM models have been proposed to explain small neutrino masses [2] . Among them, one of the most appealing frameworks for light neutrino mass generation is the so-called seesaw mechanism, where the lepton-number-violating (LNV) dimension-5 Weinberg operator LLHH/Λ [3, 4] (where L and H are respectively the SM lepton and Higgs doublets, and Λ is the LNV scale) generates Majorana masses of light neutrinos. There are three tree-level realizations of seesaw [5] , namely, type-I [6] [7] [8] [9] [10] , type-II [11] [12] [13] [14] [15] , and type-III [16] seesaw, depending on whether we add SU (2) L -singlet fermions or SU (2) L -triplet scalars or SU (2) L -triplet fermions to the SM particle content, respectively. One can also have hybrid combinations, such as type-I+type-II seesaw [11] , which naturally occurs, for instance, in the left-right symmetric extension of the SM [17] [18] [19] . There also exist several other variations of the minimal seesaw, such as inverse [20] [21] [22] , linear [23] and extended [24] [25] [26] [27] seesaw, as well various radiative neutrino mass generation mechanisms [28] . If the scale of the dimension-5 Weinberg operator for neutrino mass generation is within a few TeV range, the seesaw mechanism can be tested by looking for LNV signatures in current and future colliders [29] [30] [31] [32] [33] .
In this paper, we focus on the LNV signatures of seesaw at future e − p colliders, such as LHeC [34] and FCC-eh [35] . There have been quite a few studies on the prospects of the SU (2) L -singlet heavy neutrino production at future e − p colliders [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . Here we explore the prospects of the SU (2) L -triplet scalar (∆), and in particular, the production and decay of the doubly-charged component (H ±± ) of the triplet at a future e − p collider. For earlier studies of the doubly-charged Higgs production in e + p collision at HERA, see Refs. [47] [48] [49] . The triplet Higgs acquires an induced vacuum expectation value (VEV) v ∆ and generates light neutrino masses at tree-level via the type-II seesaw mechanism [11] [12] [13] [14] [15] . We consider v ∆ to be small, i.e. v ∆ ∼ O(0.1) eV, in the same ballpark as the upper limit on the sum of neutrino masses from cosmology [50] . For this choice of the triplet VEV, the Yukawa couplings of the triplet scalar ∆ with a SM lepton-pair are large: Y ∆ ∼ O (1) . This is where the production of a doublycharged scalar in e − p collision has a major difference when compared with its production in pp collision. At the LHC, the dominant production modes for the doubly-charged Higgs are pairproduction via the s-channel γ/Z and associated production with a singly-charged Higgs via the s-channel W exchange . The pair-production through γγ fusion is also important for higher doubly-charged scalar masses [75] , whereas the single-production through W W -fusion [76] [77] [78] [79] [80] [81] [82] [83] is suppressed by the smallness of the triplet VEV v ∆ and is not accessible to the LHC [83] . Due to the hadrophobic nature of the triplet scalar, one can never exploit the large Yukawa Y ∆ to enhance the production cross-section of ∆-fields at hadron colliders, although the size and structure of Y ∆ still play an important role in deciding their dominant decay modes. In contrast, at the e − p collider, the doubly-charged scalar can be singly produced in association with a lepton (l or ν l ) and a jet (see Fig. 1 ), with the cross-section directly proportional to the square of the Yukawa coupling to the electron flavor, |Y ∆ el | 2 (with l = e, µ, τ ). Therefore, as we show in this paper, the Yukawa coupling Y ∆ can be directly measured at future e − p collider, as long as it is reasonably large ∼ O(1) to give an observable signal-to-background ratio. This is largely complementary to the case of future lepton colliders, where the doubly-charged scalar can also be singly/pair-produced via the Yukawa coupling Y ∆ el [84] [85] [86] [87] [88] [89] [90] [91] [92] . For large diagonal Yukawa couplings, the off-diagonal entries of Y ∆ are restricted from LFV processes, such as µ → 3e, µ → eγ, and µ − e conversion in nuclei [73, [92] [93] [94] . To evade this conflict, we consider the scenario with large diagonal Y ∆ ii (with i = e, µ) and small off-diagonal Y ∆ ij (with i = j) that are in agreement with LFV measurements and are also promising for collider searches of H ±± at e − p collider. However, this choice can not reproduce the observed neutrino mixing angles, which require a highly non-diagonal PMNS mixing matrix. The conflict with the neutrino data can be evaded by considering variations in the pure type-II seesaw model. A simple possibility is to consider a hybrid seesaw model, that contains both the gauge-singlet, right-handed (RH) neutrinos and the triplet Higgs. The light neutrino mass is generated by both singlet neutrino (type-I) and the triplet Higgs (type-II) contributions. The phenomenology of the singlet neutrinos at the e − p collider will be the same as discussed before [39, 42] , and our main interest here lies in the doubly-charged Higgs phenomenology.
The direct search constraints on the doubly-charged scalar from the LHC put a lower bound on M H ±± 800 GeV at 95% C.L [95, 96] . For the dominant H ±± production channels considered here, we find that the proposed LHeC with √ s = 1.3 TeV (or even the high-energy LHeC with √ s = 1.8 TeV) cannot probe the doubly-charged Higgs boson beyond its current LHC limit. Therefore, for the collider analysis, we consider the future circular collider-based e − p scenario (FCC-eh) with √ s = 3.46 TeV. We focus on two different signals: (i) 3l + ≥ 1j, and (ii) an inclusive search for H −− in the ≥ 2l + ≥ 1j final state, with at least two negativelycharged leptons of same flavor in each case. We consider a number of SM backgrounds that can mimic our signal. By choosing suitable cuts on the kinematic variables, we reduce the background significantly and achieve an observable signal-to-background ratio. We show that doubly-charged Higgs masses up to 2 TeV can be probed at 3σ confidence level with 500 fb −1 integrated luminosity at FCC-eh.
The rest of the paper is organized as follows. In Section II, we review the basic relevant features of the triplet Higgs model. In Section III, we discuss the dominant production channels and the signals for doubly-charged scalar at e − p collider. Followed by this, we present a detailed event analysis using cut-based techniques for the signal and background at FCC-eh. Finally, we present our conclusions in Section IV.
Lepton Fields
L i = (ν L,i , e L,i ) T e R,i N R,
II. TRIPLET HIGGS MODEL
We consider a hybrid type-I+type-II seesaw model, where the SM particle content is extended by an additional SU (2) L -triplet scalar with hypercharge 2:
and the SM gauge-singlet RH neutrinos N R,i (with i = 1, 2, 3 being the family index). The complete particles spectrum is shown in Table I . Note that the presence of both type-I and type-II seesaw components can be naturally motivated as originating from a left-right symmetric gauge group, or even higher gauge groups like Pati-Salam or SO(10) at high scale.
The complete Lagrangian with the additional triplet scalar and RH neutrino is given by,
where L SM is the complete Lagrangian for the SM particles. The covariant derivative for the triplet Higgs takes the following form:
where W i µ , B µ are the SU (2) L and U (1) Y gauge fields, with the corresponding gauge couplings g, g respectively, and σ i 's (with i = 1, 2, 3) are the Pauli matrices.
The Yukawa term in Eq. (2) takes the following form:
where C is the Dirac charge conjugation matrix with respect to the Lorentz group, φ ≡ iσ 2 φ * and Y D is the Dirac Yukawa coupling for neutrinos. The 1st and 3rd term in Eq. (4) violate lepton number by two units and give rise to the light neutrino mass at tree-level via type-II and type-I seesaw mechanisms, respectively, after electroweak symmetry breaking. The neutral component of the Higgs doublet acquires a spontaneous VEV, while the neutral component of the Higgs triplet acquires an induced VEV:
The Majorana neutrino mass matrix for the light neutrinos have the following form:
where
Since the triplet VEV v ∆ governs the light neutrino mass in type-II seesaw, it is expected to be much smaller than the eletroweak VEV v, i.e. v ∆ v. In fact, the electroweak precision data, and in particular, the ρ-parameter constraint requires that v ∆ 2 GeV [73] . For the collider study of doubly-charged Higgs production and decay (see Section III), we consider low VEV of the triplet Higgs, v ∆ ∼ 0.1 eV, that generates large Yukawa Y ∆ ∼ O(1). In particular, we consider large diagonal elements of Y ∆ ii (with i = e, µ), and small off-diagonal Yukawa Y ∆ ij (with i = j) in order to avoid the bounds from LFV processes mediated by the doubly-charged scalars [73, 93, 94, 97, 98] . Therefore, we need the type-I seesaw contribution in Eq. (6) to reproduce the observed pattern of the PMNS mixing matrix in the light neutrino sector. Apart from fitting the neutrino mass, the Dirac Yukawa couplings Y D play no other role in our subsequent discussion.
The scalar potential in Eq.
(2) has the following form:
In the above potential, one can introduce another term λ 5 (φ † ∆ † ∆φ), but this quartic coupling λ 5 can be easily absorbed by redefining the couplings λ 1 and λ 4 , by virtue of the relation
We expand the doublet and triplet scalar fields around their VEVs to obtain 10 real-valued field components:
We consider µ 2 φ > 0 and µ 2 ∆ > 0 in Eq. (7) . Upon minimization of the scalar potential with respect to the VEVs, we get the following relations:
and the mass terms for the scalar fields. The mass term for the of the doubly-charged Higgs has the following form:
where we have defined the mass basis of the doubly-charged Higgs as δ ±± = H ±± . The mass matrix of the singly-charged Higgs in the basis (φ ± , δ ± ) takes the following form:
We define the mass basis for the singly-charged scalars as (G ± , H ± ), which are related to the Lagrangian fields by an orthogonal matrix parameterized by the mixing angle β with tan β =
in the following way:
After diagonalization, we get the following eigenvalue for the physical singly-charged scalar:
whereas M 2 G ± = 0, corresponding to the Goldstone bosons G ± responsible for the mass of the singly-charged gauge bosons W ± .
Among the four neutral scalars, two of them are CP even and the remaining two are CP odd, as can be seen from Eq. (8) . Assuming CP conservation, we can write the CP-even and CP-odd mass matrices as follows:
We define the mass eigenbasis both for CP-even and CP-odd scalars, which are related to the Lagrangian fields in the following manner:
Here h represents the SM-like Higgs and G 0 represents the Goldstone boson associated with the SM Z-boson. The mixing angles related to the neutral fields depend on the VEVs and the quartic couplings in the following manner:
The eigenvalues of the mass matrices (14) and (15) are given by
We can easily write down the quartic couplings and the µ-parameter appearing in Eq. (7) in terms of the above-mentioned physical masses:
There are miscellaneous constraints on the quartic couplings from electroweak precision measurements, absence of tachyonic modes, boundedness of the potential, unitarity, vacuum stability and naturalness considerations [68, 94, [99] [100] [101] [102] [103] [104] [105] [106] , all of which have been taken into account in choosing the benchmark points in our subsequent collider analysis. An additional diagram exists for Process-I with the t-channel photon exchange appearing before the doubly-charged Higgs is radiated, which is not shown here but included in our analysis.
III. SIGNATURES AT e − p COLLIDER
In this section, we analyze the discovery prospects of a doubly-charged Higgs in the future e − p collider. We consider the FCC-eh design with beam energies 60 GeV (for electron) and 50 TeV (for proton), so the center-of-mass energy is √ s 4E e E p = 3.46 TeV and a TeV-scale doublycharged Higgs can be produced on-shell, through associated production, along with a charged lepton or neutrino and an energetic jet. We consider the following two production modes (see Fig. 1 ):
where l = e, µ. The diagrams in Fig. 1 clearly show the dominant production mode, depending on the choice of the triplet VEV. While the first three diagrams would be relevant for low values of the triplet VEV as it would lead to a larger Yukawa Y ∆ ee coupling, they become less relevant when the VEV is chosen larger, in which case the vector-boson-fusion (VBF) diagram becomes dominant. In Process-I, the contribution of Z-exchange is much smaller, as compared to the photon exchange. As for the photon-mediated processes, depending on the photon virtuality, the proton may remain intact (elastic process) or dissociates (inelastic process). As discussed below, a selection cut of 40 GeV on the transverse momentum of the final state jet is imposed in our analysis. This implies large photon virtuality (compared to the mass of the hadronic final state), and hence, the inelastic process, where the interaction involves a quark inside the proton, gives the dominant contribution.
It is worthwhile to note that the production of a doubly-charged scalar at FCC-eh has a major difference when compared with its production at the LHC. At the LHC, one can never exploit the large Yukawa Y ∆ ee , although it still plays a very effective role in deciding the dominant decay modes for the doubly-charged Higgs. Notably, large Y ∆ at the LHC leads to the heavierflavor charged lepton (tau) to be pair-produced more effectively from the H ±± decay when the neutrino masses exhibit "normal hierarchy", whereas for "inverted hierarchy" the electron and muon flavors will be pair-produced more copiously than the tau flavor. On the other hand, for Y ∆ 10 −7 , either the decay of H ±± → l ± l ± is displaced [73] , or the dibosn decay modes, such as H ±± → W ± W ± , take over the dilepton mode [78] , depending on the H ±± mass. So Y ∆ ee still has a secondary role in the phenomenology of doubly-charged Higgs at hadron colliders, but cannot be directly probed due to its hadrophobic nature. In this work we explore this region of parameter space where the triplet VEV is small, v ∆ ∼ O(0.1) eV, and Y ∆ ee can be directly probed, as it plays the all important role in the doubly-charged scalar phenomenology at the FCC-eh.
It is also worth noting that we always produce the negatively-charged state at e − p colliders when produced singly. The decay of H −− into two same-sign dileptons leads to the following signals, which we explore in detail:
• Signal -I : 3 l + ≥ 1 j (with at least two negatively-charged leptons of same flavor),
• Signal -II : ≥ 2 l + ≥ 1 j (where at least two negatively-charged leptons are of same flavor).
Note that Signal-I with a trilepton final state comes from the subprocesses listed as Process-I in Fig. 1 while Signal-II, which has at least two charged leptons can get contributions from all the subprocesses in Fig. 1 , i.e. Process-I and Process-II. Signal-II also has substantial MET due to the presence of neutrinos in the final state as shown in Process-II. Although a trigger upon the MET could reduce the contributions from subprocesses in Process-I which will have very little MET, it could prove useful in SM background suppression.
The production cross-sections for e − p → e + j H −− and e − p → j ν H −− depend on the Yukawa coupling strength Y ∆ ee quadratically. So we must choose large diagonal entries for Y ∆ , as mentioned before. The off-diagonal Yukawa couplings are then required to be quite small, so as to satisfy the LFV constraints from µ → 3e, µ → eγ, etc. The current bounds on the branching ratio of µ → eγ and µ → eee are 4.2 × 10 −13 [107] and 10 −12 [108] , respectively. For our model, if the doubly-charged Higgs mass is around 1 TeV, then the corresponding bounds on the elements of Y ∆ α matrix are given by [73, 93, 94 ]
Note that the diagonal elements Y ∆ ii cannot be arbitrarily large either. Specifically, a large Y ∆ ee would significantly contribute to the Bhabha scattering e + e − → e + e − via the t-channel H ±± , altering both the total cross section and the differential distributions [109] [110] [111] . Using the LEP data on the e + e − → e + e − cross-section measurements [110, 112] , we obtain a 90% CL upper limit [91] 
Thus, for a TeV-scale H ±± , we must have |Y ∆ ee | < 0.35. Similarly, both Y ∆ ee and Y ∆ µµ contribute to the muonium-antimuonium oscillation, i.e. the LFV conversion of the bound states (µ + e − ) ↔ (µ − e + ), whose oscillation probability has been constrained by the MACS experiment [113] , and leads to the 90% CL upper limit [91] 
There exist other constraints involving the diagonal elements from µ → eγ and electron/muon anomalous magnetic moment [91] , which are however weaker than the two constraints mentioned above.
By choosing the diagonal elements Y ∆ ee,µµ ∈ [0.1, 0.3] to be consistent with the bounds in (21) and (22), and assuming Y ∆ τ τ to be small (since it does not play any role in our subsequent collider analysis), we show the allowed values of the off-diagonal Yukawa coupling parameters Y ∆ eµ,eτ,µτ as a scatter plot in Fig. 2 which satisfy the LFV constraints shown in (20) . Here we have chosen M H ±± = 1 TeV as a benchmark value. The vertical and horizontal shaded regions are excluded from the experimental constraints on the tau-LFV decay modes τ → 3e and τ → 3µ, respectively [114] , for fixed Y ∆ ee,µµ = 0.3. It is clear that the off-diagonal Yukawa couplings are constrained to be small for our choice of large diagonal Yukawa couplings.
To simulate the signal events, we implement the model described in Section II in Feynrules [115] to create the UFO model files. The package Madgraph (v2.4.3) [116] is used to generate partonlevel events using CTEQ6L1 [117] parton distribution functions for the colliding proton beam. The showering and subsequent hadronization has been done with Pythia (v6.4) [118] . Finally, we pass the generated events through Delphes (v3.4.1) [119] for detector simulation. To reconstruct jets in the final state, we have used the anti-k t jet clustering algorithm [120] with a radius parameter R = 0.4 in Fastjet [121] for jet formation. We show the variation of the single production cross-section of the doubly-charged Higgs as a function of its mass in Fig. 3 for both Process-I and Process-II. Note that Process-I with a larger multiplicity of subprocesses as well as the enhanced coupling of the photon to the two units of charge of the doubly-charged scalar is significantly larger than the Process-II with W boson exchange, where the second (VBF) subprocess hardly contributes to the production crosssection due to the very small VEV. The mass range of interest for the doubly-charged Higgs for our analysis is dictated by the limits from √ s = 13 TeV LHC which is about 800 GeV [95, 96] . As shown in Fig. 3 , for M H ±± in between 500 GeV and 1 TeV, the cross-section varies between 20 fb and 2 fb. For larger mass values the cross-section falls rapidly, as the mass approaches the center-of-mass energy of √ s = 3.46 TeV for the FCC-eh.
In Table II we give the choice of our benchmark points which give us three different mass values for the doubly-charged Higgs boson. A closer look at Eq. (10) shows that for a given choice of triplet VEV and λ 4 , the value of µ would dictate the mass values. For simplicity, we just vary µ to generate different values for the doubly-charged scalar mass, while making sure that the quartic coupling values are consistent with all the theoretical constraints [68, 94, [99] [100] [101] [102] [103] [104] [105] [106] . The first benchmark point we choose has a doubly-charged scalar mass close to the current LHC bound, which is kind of the most optimistic scenario for its discovery at FCC-eh. The In what follows, we perform a detailed cut-based analysis for the signal and background for both Signal-I and Signal-II identified above.
Benchmark Points
v ∆ [GeV] Y ∆ ee µ [GeV] M H −− [GeV] M H − [GeV
A. Signal -I (3 l + ≥ 1 j) :
The trilepton signal containing at least a pair of same-sign, same-flavor charged leptons can come from Process-I only. The SM background for the signal can have several sources, depending on their rate of production. We list the dominant and relevant SM processes below:
1. The most dominant SM background for the above final state, at an e − p collider is the irreducible background given by e − p → j e − l + l − .
2.
A subdominant contribution can also come from the reducible, on-shell Z boson production which then decays to a pair of charged leptons via the process e − p → e − pZ. Note that the requirement of a same-sign, same-flavor pair of charged leptons in the final state ensures that only the Z decay to e − e + contributes.
3.
A relatively weaker background contribution could also come from an α em -suppressed process e − p → e − pγZ where the Z boson again decays leptonically and specifically to e − e + only, while the photon is misidentified as a lepton. However, the photon misidentification rate is about 10 −4 for electron and 10 −3 for muon [122] , so this background will be negligible, as we will see below (in Table III ).
4. One should also account for the possibility of contributions to the SM background where a jet may fake a charged lepton. Notwithstanding the fact that the fake-rate for such events would be significantly smaller, one begs the question whether a relatively sizable crosssection for jet-enriched final state leaves an imprint on the signal under consideration. For the estimation of fake-rate induced background, we have considered the process e − p → e − jj and assumed the rate for a jet faking a charged lepton as 0.1% [123] .
To begin with, all the above channels for the background contribute substantially with basic acceptance cuts for the subprocess under consideration. However, the contributions to the actual signal topology starts showing the relative importance of the backgrounds that would eventually contribute to the final analysis. We begin the event generation by demanding:
A0. The final state leptons and jets satisfy a minimum requirement for the transverse momenta and their pseudorapidity, given by p j T > 40 GeV, p l T > 10 GeV, |η j,l | ≤ 4.5.
In Table III and Table IV we present the cut-flow estimates for both the SM background and the signal cross-section at the proposed FCC-eh machine. The A0 cuts are simply aimed at understanding the signal and background characteristics in a few kinematic variables which could be then utilized to device suitable cuts that help in improving the significance of the signal. Note that for the signal, the decay of the doubly-charged Higgs boson is an important variable. Since the off-diagonal elements of Y ∆ are assumed to be small, only the lepton-flavor-conserving modes H ±± → l ± l ± occur. As mentioned before, we shall neglect the τ decay mode and focus only on the e − and µ − modes. We first consider the simple case where H ±± decays to e ± e ± with 100% branching ratio, i.e. only the ee element of Y ∆ is large and all other elements small. Later in Section III C, we will also consider a case where H ±± decays to both e ± e ± and µ ± µ ± , each with 50% branching ratio, i.e. both Y ∆ ee and Y ∆ µµ are of same size. This would help in generalizing the result when exploring the sensitivity for heavier mass values of the doubly-charged Higgs. To ensure that we only select electron or muon-flavored leptons, we impose a further requirement:
A1. The final state events must contain at least three charged leptons, among which we have N (e + ) = 1, N (µ + ) = 0, and either a pair of e − or µ − i.e., N (e − or µ − ) = 2 while the number of jets in the final state must be greater than or equal to one, i.e. N (j) ≥ 1.
This requirement is good enough to suppress most of the SM background, especially the jetfaking-lepton channel as seen from Table III . However, note that the doubly-charged Higgs signal strength is totally dependent on the production cross-section which depends on its mass. As LHC already puts strong limits, the mass range of our interest would entail small production cross-section even at the FCC-eh machine, evident in Fig. 3 . Thus we need to find methods of suppressing the background further to ensure sensitivity to heavier mass values of the doublycharged Higgs. The two very significant characteristics one expects is that the charged leptons coming from the decay of the heavy scalar would carry a significantly large transverse momentum and the invariant mass of the same-sign, same-flavor lepton pair would be concentrated in regions of very high mass, specific to the mass of the doubly-charged Higgs. In comparison, the SM background events should have leptons with relatively softer p T , as well as a more continuum
SM Backgrounds for FCC-eh
Channels invariant mass distribution peaked at smaller values of M ll . In Fig. 4 , we show the transverse momentum (p T ) distribution of the leading charged lepton, both for signal and background. Additionally, we also show the distribution of the invariant mass of the same-sign same-flavor leptons which shows expected differences between the signal and background events. We therefore impose the following cuts (A2 and A3), which turn out to be very much useful in reducing the backgrounds events.
A2. We impose cuts on the transverse momentum of the leading and sub-leading charged lepton and also on the leading jet as: p l i T > 50 GeV (i = 1, 2) and p j 1 T > 50 GeV.
A3. We also demand that the invariant mass M ll of same-sign lepton pair is large, with M ll > 800 GeV. This cut reduces the background significantly. In fact, the only relevant SM background events that remain after cut A3 are from the process e − p → e − l + l − j. The suppression in the signal cross-section for all the three benchmark points is about 50% for the event selection cuts, as can be seen in Table IV. B. Signal -II (≥ 2 l + ≥ 1 j) :
We now consider the multi-lepton channel where we have at least two charged leptons in the final state and both need to be of the same sign and flavor. This would correspond to the inclusive search of the signal for a singly-produced doubly-charged Higgs coming from both Process-I and Process-II. The combination of both the processes for the inclusive search would mean that one avoids kinematic selection of events that could potentially reduce contribution from any of the particular processes. This on the other hand would mean that there would be additional sources of background for the final state under consideration from the ones discussed in the previous subsection which are listed below.
1. The irreducible background coming from e − p → e − l − jν l . Again, for the same-sign, sameflavor requirement of the charged-lepton pair, the signal topology ensures that l = e.
2.
To add to the fake-rate contribution, we must consider the process e − p → e − jγ where γ can fake the charged lepton e − .
3. In addition to fake rates, we note that charge mismeasurement can also lead to potential backgrounds which mimic the signal. We evaluate e − p → e − e + j ν process, where we consider a conservative 0.1% [124] as the charge mismeasurement or charge-flip rate/probability in the detector.
4.
We also estimate the background that arises due to the jet faking a lepton which as before is assumed to be 0.1% .
As before, B0 and B1 discussed below define the selection of events for the signal in consideration.
B0. As in Signal-I, the final state leptons and jets must satisfy a minimum requirement for the transverse momenta and their pseudorapidity, given by p j T > 40 GeV, p l T > 10 GeV, |η j,l | ≤ 4.5.
B1. We then demand that we select only those events which have at least 2 charged leptons and a minimum of 1 jet, which defines the signal as ≥ 2l+ ≥ 1j.
Similar to the previous analysis, we again implement a few similar cuts on the events to suppress the background and improve signal sensitivity.
B2. The events satisfying B0 and B1 are then required to contain two leptons of same sign and same flavor. The kinematic properties of these charged leptons is expected to be similar to what was observed in Fig. 4 and therefore we impose a cut on the p T of the leading and sub-leading charged lepton as p l i T > 50 GeV (i = 1, 2) while the leading jet must satisfy p j 1 T > 50 GeV.
B3. To utilize the hardness of the invariant mass distribution of the same sign-same-flavor dilepton for the signal in suppressing the background, we further demand that M ll > 800 GeV .
SM Backgrounds for FCC-eh
Channels In Table V and Table VI we show the cut-flow of the SM background and signal for the aforementioned cuts. As before, the most selective of all the cuts which improves the signal over the SM background is B3. However, although the (≥ 2l+ ≥ 1j) inclusive channel gets contributions from both the processes shown in Fig. 1 , the signal-to-background ratio is still inferior to the trilepton channel. The reason for this is because of the size of the continuum background e − l − jν. Table VII . Signal cross-section after all the cuts for e + + 2µ − + ≥ 1j (A0-A3) and 2µ − + ≥ 1j+ ≥ 0l (B0-B3) mentioned in the text. Here we consider BR(H ±± → e ± e ± ) = BR(H ±± → µ ± µ ± ) = 50%.
C. µµ Channel
An important point which we should highlight here is the fact that so far we have only considered the electron flavor for the same-sign leptons in the decay of the doubly-charged Higgs, while in principle, it could decay to any of the lepton flavors depending on the Yukawa structure Y ∆ ij . However, at an e − p machine, the SM background with two same-sign negatively-charged leptons would be dominated by the electron pair. Thus, for a suitable choice of Y ∆ ee and Y ∆ µµ , we could essentially have the signal containing two same-sign muons in the final state which would be relatively background-free after the cuts we put. To put this fact in perspective, we list in Table VII the signal events for both the final states in consideration, written explicitly as e + + 2µ − + ≥ 1j and 2µ − + ≥ 1j+ ≥ 0l, after all the cuts mentioned before. Here, we assume that both the Yukawa couplings Y ∆ ee and Y ∆ µµ are non-zero and of equal strength with the values given by Table II for each benchmark point, while satisfying the constraint given in Eq. (22) , such that the H −− decay is now equally shared between the electron and muon modes, which means a 50% branching ratio for the µµ channel. The presence of a large Y ∆ ee , on the other hand, ensures a significant production cross-section section of the doubly-charged Higgs boson.
Note that the leading contribution for the SM background in the µµ channel would arise from the subprocesses: e − p → ν l Z W − j and e − p → e − Z W − j, with both the W and Z bosons decaying into the muon channels. The parton-level cross section for these processes is itself at the level of ∼ 10 −2 fb and assuming that similar cut efficiencies for the background would apply as in the case of the ee mode, the background numbers would get further suppressed by a factor of ∼ O(10 −3 ), rendering the background almost negligible for the µµ channel. Therefore, the cross-sections for the signal events given in Table VII imply a nearly backgroundfree signal of ∼ 5 − 10 events with an integrated luminosity of about 100 fb −1 . Thus our predictions are more conservative when including only electron flavor in our analysis, which is still significantly robust in the trilepton channel for mass values of the doubly-charged scalar we have chosen. We show this by presenting the signal significance in the following subsection. where the signal contains at least two electrons (e − e − ). Here we consider BR(H ±± → e ± e ± ) = 100%.
D. Signal Significance
In determining the statistical significance of the signal we have used the following general expression [125] :
where s and b denote the number of signal and background events (i.e. cross section times integrated luminosity) respectively, after all selection cuts are applied. Note that the formula (23) reduces to the more well-known form S = s/ √ b in the limit s b. In Table VIII we show the required integrated luminosity for either 3 l or ≥ 2l channel to be observed with 3σ and 5σ statistical significance, where we consider l = e only. Owing to the better s/b ratio for the trilepton channel, one is clearly sensitive to the new physics signal in the trilepton channel with a relatively smaller data set when compared to the inclusive channel. However, both the channels provide a robust discovery prospect of the doubly-charged Higgs boson at FCC-eh, provided we have a sizable Yukawa coupling to the electron flavor, Y ∆ ee ∼ O (1) . Now, if the signal is driven by the µµ channel too, with the decay probability of the doubly-charged Higgs boson being 50% in the muon mode, then the required integrated luminosity for discovery reduces drastically. In fact, assuming a conservative background of around 10 −5 fb in the µµ channel as discussed above and using the trilepton signal data from Table VII, we find that for BP1 discovery at 5σ statistical significance, the required integrated luminosity is just 27 fb −1 , while it is 43 fb −1 and 95 fb −1 for BP2 and BP3, respectively.
To highlight the sensitivity of the FCC-eh to a doubly-charged Higgs mass at a given integrated luminosity, we should know what values of the Yukawa coupling Y ∆ ee yield the required H −− production cross-section. This is shown in Fig. 5 where we plot the 2σ and 3σ reach for the doubly-charged Higgs boson in the trilepton (Signal-I) and the inclusive dilepton (Signal-II) channels, and show the range of the Yukawa coupling values which would achieve the signal significance for a fixed integrated luminosity of 3 ab −1 . This is for the scenario where we demand that H −− decays to e − e − with 100 % branching ratio. The sensitivity curves are obtained using TeV LHC data. The green-shaded region is excluded by the LEP constraints on the Bhabha scattering process. Here we have considered BR(H ±± → e ± e ± ) = 100%.
Eq. (23) with the signal and background values obtained from the cut-based analysis described above. Fig. 5 in turn also gives us information on the maximum allowed value of the triplet VEV (corresponding to the minimum value of Y ∆ ee accessible), so as to observe a signal for the doubly-charged Higgs boson at the FCC-eh. The vertical line in Fig. 5 shows the current lower limit on the doubly-charged scalar mass from the √ s = 13 TeV LHC data, assuming 100% branching ratio of the H −− decay to same-sign electron-pair [95, 96] . Strictly speaking, this bound is applicable only when the H ±± → e ± e ± decay is prompt, which requires Y ∆ ee 10 −7 (but practically indistinguishable from zero in the linear Y ∆ ee -scale of Fig. 5 ). The green-shaded region is excluded by LEP data on the Bhabha scattering process e + e − → e + e − [110, 112] as given by Eq. (21) . The direct search limits from HERA [48] , LEP [109] [110] [111] and Tevatron [126, 127] are only relevant for smaller M H ±± well below the mass range shown here and are anyway superseded by the LHC limits. It is worth noting that even the high-luminosity phase of the √ s = 14 TeV
LHC cannot improve the mass reach beyond 1 TeV [67] , and therefore, the FCC-eh provides a unique opportunity to directly probe the Yukawa coupling of heavier doubly-charged scalars to electrons. Only the proton-proton mode of FCC (FCC-hh) will be able to achieve a higher sensitivity in M H ±± up to about 6 TeV [74] , independent of Y ∆ ee , as long as H ±± dominantly decays to same-sign lepton pairs. On the other hand, the future e + e − colliders like ILC (or CLIC) might be able to cover a similar (or larger) parameter space in the direct (or indirect) search channel, as compared to the FCC-eh reach shown in Fig. 5 , depending on the center-of-mass energy [91] .
The more robust and striking channel of discovery would however be the µ − µ − channel, as illustrated in Fig. 6 , which is relatively background free, barring very low rates from associated W − Z productions. As a large production rate for the doubly-charged Higgs is a necessity, we ensure a 50% decay probability of the H ±± in the µµ mode while respecting the bound of Eq. (22) . We show the much improved sensitivity reach using the signal rates for e + + 2µ − + ≥ 1j final state, where a similar 2σ or 3σ range as in Fig. 5 can now be attained with a much smaller integrated luminosity of 100 fb −1 . A similar sensitivity is also expected in the inclusive 2µ − + ≥ 1j+ ≥ 0l channel. This reach can be further improved if the signal significance of both the ee and µµ channels (observed independently) are combined together.
IV. CONCLUSION
We have analyzed the discovery prospect of a doubly-charged Higgs at the newly proposed FCC-eh electron-proton collider, operating with beam energies E e = 60 GeV for electron beam and E p = 50 TeV for proton beam. As the LHC would have limited sensitivity to a doublycharged Higgs mass, even with the high-luminosity phase, searching for heavier doubly-charged scalars would be a challenge. A type-II seesaw-based scenario for neutrino mass generation with very tiny triplet VEV would imply a substantially large Yukawa coupling of the scalar to the charged leptons. Neither the LHC nor an e + e − machine could gain from this, unless the collisions are of e − e − type [84] , where the production of doubly charged Higgs has direct dependency on Yukawa. However, the proposed FCC machine, where the collisions are between an electron and a proton beam (FCC-eh) would open up the possibility of looking for these heavier doubly-charged states through their single on-shell production in association with lepton and a jet.
We have studied two types of final states, namely, 3l+ ≥ 1j and inclusive ≥ 2l+ ≥ 1j, to probe TeV-scale doubly-charged scalars at FCC-eh. We consider a few representative benchmark points for a hybrid type-I+type-II seesaw with a small triplet VEV v ∆ ∼ O(0.1) eV and large diagonal Yukawa couplings Y ∆ ee ∼ O(1). The model is consistent with neutrino oscillation data, as well as, in agreement with the bounds from lepton flavor violating processes, such as, µ → eγ and µ → eee. We find that a doubly-charged Higgs with mass around a TeV can be probed at 3σ significance in FCC-eh with L ∼ 245 fb −1 in the 3l+ ≥ 1j (l = e) mode. Moreover, higher mass values, up to about 2 TeV, could also be probed within a few years' of running of the FCC-eh. A more robust and striking channel would be observed with only L = 100 fb −1 of data if the doubly-charged Higgs has a decay probability in the µµ mode, which is comparable, if not more than the ee mode. This reach can be further improved if the signal significance of both the ee and µµ channels (observed independently) are combined.
